Obstructive sleep apnoea (OSA) and hypertension commonly coexist. Observational studies indicate that untreated OSA is strongly associated with an increased risk of prevalent hypertension, whereas prospective studies of normotensive cohorts suggest that OSA may increase the risk of incident hypertension. Randomized evaluations of continuous positive airway pressure (CPAP) indicate an overall modest effect on blood pressure (BP). Determining why OSA is so strongly linked to having hypertension in cross-sectional studies, but yet CPAP therapy has limited BP benefit needs further exploration. The CPAP studies do, however, indicate a wide variation in the BP effects of CPAP, with some patients manifesting a large antihypertensive benefit such that a meaningful BP effect can be anticipated in some individuals. OSA is particularly common in patients with resistant hypertension (RHTN). The reason for this high prevalence of OSA is not fully explained, but data suggest that it may be related to the high occurrence of hyperaldosteronism in patients with RHTN. In patients with RHTN, it has been shown that aldosterone levels correlate with severity of OSA and that blockade of aldosterone reduces the severity of OSA. Overall, these findings are consistent with aldosterone excess contributing to worsening of underlying OSA. We hypothesize that aldosterone excess worsens OSA by promoting accumulation of fluid within the neck, which then contributes to increased upper airway resistance. 1-4 In younger adults, the presence of OSA is strongly associated with having hypertension, and, in normotensive individuals, having OSA predicts the development of hypertension.
Obstructive sleep apnoea (OSA) and hypertension are commonly associated. Approximately 50-56% of individuals with OSA are hypertensive, and an estimated 30-40% of hypertensive subjects have OSA. [1] [2] [3] [4] In younger adults, the presence of OSA is strongly associated with having hypertension, and, in normotensive individuals, having OSA predicts the development of hypertension.
Moreover, recent reports suggested that masked hypertension is frequently underestimated in OSA, suggesting that normotensive patients represent only one-third of the OSA population.
Interestingly, when using 24-h ambulant blood pressure (BP) monitoring in patients with OSA without a history of hypertension, the prevalence of hypertension increased from 42% in the apnoeic patients demonstrating clinical hypertension, either daytime hypertension or night-time hypertension, or both, to 80%. [5] [6] [7] Cross-sectional studies indicate that individuals with moderate-severe OSA (apnoeahypopnoea index (AHI) 415 events h À1 ) are much more likely to be hypertensive than individuals similar in age and body weight but without OSA. These studies generally indicate a positive correlation between severity of OSA and level of BP, suggesting that the more severe the OSA the higher the likelihood of also having severe hypertension. In the Wisconsin Sleep Cohort Study, initial crosssectional analyses indicated that moderate-severe OSA was associated with an 80% increased risk of having hypertension. 8 Moreover, using an observational design, Lavie et al. 9 found that both the prevalence and severity of hypertension increased with increasing AHI. Overall, an increasing AHI was positively associated with both higher systolic and diastolic BP, with each 1 event h À1 increase in AHI being associated with a 1% higher risk of having hypertension. In a large cross-sectional population of 1741 subjects, Bixler et al. 10 confirmed a strong positive correlation between moderate-severe OSA and risk of prevalent hypertension. Interestingly, in this evaluation, the strength of the relationship between OSA and BP diminished with increasing age, such that the risk of having hypertension associated with OSA was less pronounced in older individuals.
Similarly, longitudinal studies suggest a dichotomous relationship between OSA and risk of developing hypertension that is dependent upon age. In the Wisconsin Sleep Cohort Study, normotensive subjects with moderate-severe OSA had a threefold increase in the risk of developing hypertension over a 4-year period compared with subjects without OSA. 11 In contrast, investigators conducting the Sleep Heart Health Study did not find, after adjusting for body mass index, that having OSA predicted development of hypertension in previously normotensive individuals during a 5-year follow-up. 12 Although there were several important methodological differences in these two studies, including differences in cohort size and diversity and use of attended in-laboratory versus at-home unattended polysomnography, a particularly important distinction was that participants in the Wisconsin Sleep Cohort Study were, on average, considerably younger than participants in the Sleep Heart Health Study (47 versus 60 years, respectively). 13 Consistent with the observational data indicating that the positive relationship between OSA and risk-prevalent hypertension diminishes with age, it is tempting to attribute the contrasting results of the two prospective studies of OSA and risk of incident hypertension also to a blunting of the interaction with increasing age. Such an interpretation suggests that younger individuals are more susceptible to the potential hypertensive effects of untreated OSA.
CPAP treatment and OSA
Treatment studies of OSA with use of continuous positive airway pressure (CPAP) have generally shown a consistent but modest antihypertensive benefit. Importantly, these studies indicate a wide variation in the BP response, with some individuals manifesting a very high BP response and others having no antihypertensive benefit. Persons who are more likely to benefit are patients with more severe OSA, higher baseline BP levels and patients most adherent with CPAP use.
Recently, four meta-analyses of randomized, controlled CPAP trials have been published. In the two studies reporting changes in clinical BP levels, being randomized to CPAP therapy compared with control reduced systolic BP by B1.5-2.5 mm Hg and diastolic BP by 1.5-2 mm Hg. 14, 15 In the two metaanalyses reporting changes in BP obtained by ambulatory monitoring, CPAP use was associated with an B1.0-1.5 mm Hg reduction in both 24-h systolic and diastolic BP. 16, 17 In subgroup analyses done by the authors, severe OSA (430 events h À1 ), higher BP levels and greater CPAP adherence were associated with larger reductions in BP. [14] [15] [16] [17] Although the antihypertensive benefit of CPAP is certainly not inconsequential, it is perplexing as to why treatment of OSA does not improve lower BP given the strong association between the two disease processes. Although speculative, given the probable long-term presence of OSA before being diagnosed and treated, it might be that CPAP will be better at preventing the progression of OSA-induced increases in BP as opposed to reversing hypertension. Another important consideration is that the benefit of CPAP might be substantially limited by poor adherence. Even in short-term intervention studies of CPAP, adherence averages 4-5 h a night, meaning that most patients are untreated for a large proportion of their normal sleep period. 17 Similarly, better results would be observed with overall better CPAP adherence. Lastly, it is important to highlight the fact that, although the mean treatment effect of CPAP is modest, there is a wide range in the response such that some individuals have a substantial antihypertensive benefit. The patients most likely to manifest benefit are more likely to have severe OSA and poorly controlled hypertension, and because of these factors patients are at increased cardiovascular risk.
Mechanisms of OSA-induced hypertension. Multiple mechanisms undoubtedly contribute to OSAinduced increases in BP. Stimulation of sympathetic activity by OSA is well described and likely represents the most important effect by which OSA increases BP. This effect is not limited to the period of apnoea/hypopnoea but instead manifests as a sustained increase in sympathetic activation even during the daytime when affected patients are awake. 18 Heightened sympathetic activity would be expected to increase BP through elevation of vascular resistance, greater cardiac output and, possibly, stimulation of the renin-angiotensinaldosterone system. Effective treatment of the OSA with CPAP suppresses the sympathetic activation. 19 Other pathophysiological effects of OSA that likely contribute to increased risk of developing hypertension include a proinflammatory effect, increased oxidative stress and increased vascular stiffness ( Figure 1 ). Small CPAP intervention trials suggest that each of these effects can be reduced with effective CPAP use, often quite rapidly. [20] [21] [22] [23] [24] OSA and resistant hypertension Resistant hypertension (RHTN) is most simply defined as BP that requires four or more antihypertensive medications. 25, 26 Although the exact prevalence of RHTN is not known, cross-sectional studies suggest that B15% of patients being treated in a primary care setting fulfil the above criteria for RHTN. 27 As a subgroup, patients with RHTN are distinguished from patients with more easily controlled hypertension by an increased likelihood of comorbidities, such as obesity, diabetes, left ventricular hypertrophy, chronic kidney disease and a higher cardiovascular risk, as evidenced by cross-sectional and prospective assessments. [28] [29] [30] [31] [32] The prevalence of OSA is also increased in patients with RHTN compared with hypertensive patients whose BP is not resistant to treatment.
OSA and lack of BP control. Untreated OSA, particularly severe OSA, is strongly associated with poor BP control. In a comparison of hypertensive and normotensive men referred for a sleep study, Hirshkowitz et al. 33 found that treated but uncontrolled hypertension was associated with significantly more severe OSA compared with treated and controlled hypertension. In a cross-sectional evaluation of almost 600 patients referred to a sleep centre in Sweden for suspicion of sleep apnoea, it was observed that increasing severity of OSA was positively correlated with both systolic and diastolic BP. 34 In patients o50 years of age, severity of OSA was an independent predictor of uncontrolled hypertension. In a cross-sectional analysis of hypertensive patients who had been evaluated by polysomnography, Lavie et al. 35 found that patients with treated but uncontrolled hypertension had a significantly higher AHI compared with patients with controlled hypertension (44 ± 29 versus 33.4 ± 25 events h À1 , respectively). The significant difference in mean AHI persisted even after adjusting for age, gender and body mass index. In a prospective assessment of patients selected for having uncontrolled hypertension as opposed to symptoms of OSA, more than 70% of the 49 patients had moderate-severe OSA based on an AHI 410 events h À1 . 36 In this analysis, the more severe the OSA the more likely both daytime and nighttime ambulatory BP remained elevated, in spite of the use of a greater number of antihypertensive agents compared with patients with less severe OSA. Similarly, in a prospective assessment of patients on haemodialysis, it was found that patients with more severe OSA required more antihypertensive medications to achieve the same level of BP control than patients with less severe OSA. 37 Overall, patients with OSA were on an average on 3.5 antihypertensive medications compared with only 1.6 medications for patients without OSA. These studies clearly demonstrate that untreated OSA is associated with greater difficulty in the control of hypertension.
The effect is dose dependent in that as the severity of OSA increases BP severity increases, and so does the number antihypertensive medications needed for BP control.
RHTN and prevalence of OSA. The prevalence of OSA is extraordinarily high in patients with RHTN. In studies of general hypertensive cohorts, the prevalence of OSA has been found to be B30-40%, with higher rates in men. In contrast, in studies of patients with RHTN, the prevalence of OSA has been found to be 70-90%, with rates approaching 100% of the men. The reason for the much higher prevalence of OSA in patients with RHTN has not been fully elucidated, but observations from our laboratory suggest that hyperaldosteronism may contribute importantly to the difference.
In a prospective study, Logan et al. 38 found the overall prevalence of OSA, based on an AHI of 410 events h
À1
, to be 83% among consecutive patients diagnosed with RHTN. The prevalence of OSA in women with RHTN was 65%, whereas 96% in men. In a prospective comparison of 63 patients with RHTN and 63 control patients with treated and controlled hypertension, Gonçalves et al. 39 found that 71% of the former versus 38% of the latter had OSA (AHI 410 events h À1 ). In the RHTN group, 86% of the men and 64% of the women were confirmed to have OSA. Our experience at the University of Alabama at Birmingham has been similar to the above two studies. In a prospective evaluation, we enrolled consecutive patients referred to our clinic for RHTN. 40 After confirming the diagnosis, all patients were sent for a full, overnight polysomnogram, irrespective of whether or not they had symptoms of OSA. A total of 71 patients with RHTN were studied. Among these patients, the overall prevalence of OSA based on an AHI 45 events h À1 was 85%. Similar to the above studies, OSA was more common in male subjects with RHTN (90%) compared with women (77%). The findings of these three studies are consistent in demonstrating an especially high prevalence of OSA among patients with RHTN. In the Gonçalves study, which included a control group, OSA was considerably higher in patients with RHTN compared with patients whose BP was controlled. Aldosterone and OSA severity. Multiple laboratory studies have found that aldosterone excess is common in patients with RHTN. [41] [42] [43] It contributes importantly to the development of treatment resistance as evidenced by the large antihypertensive benefit of aldosterone antagonists that is observed in patients who had been resistant to other classes of antihypertensive agents. 44, 45 Recognizing the fact that both OSA and hyperaldosteronism are common in patients with RHTN, we hypothesized that the two may be mechanistically related, with one contributing to the development of the other. We have conducted a series of studies testing this possibility and on the basis of those results have come to the conclusion that aldosterone excess likely contributes to the severity of OSA. Although speculative, we attribute this worsening of OSA to aldosterone-induced fluid retention, leading to parapharyngeal oedema and increased upper airway resistance.
In our first study exploring the relationship between OSA and aldosterone levels, we prospectively assessed 114 patients with RHTN for risk of having OSA on the basis of their responses to the Berlin Questionnaire. 46 We found that patients at high risk of having OSA had significantly greater 24-h urinary aldosterone excretion and were more than twice as likely to be diagnosed with primary aldosteronism compared with patients at low risk of having OSA. In a separate study, we found that plasma aldosterone levels positively correlate with the AHI in patients with RHTN ( Figure 2) ; 40 that is, in these patients with RHTN, the higher the aldosterone levels the more severe their OSA. Most recently, in an evaluation of over 109 patients with RHTN, we reported that the positive correlation between plasma and 24-h urinary aldosterone levels and AHI is largely attributable to patients with hyperaldosteronism. 47 In patients with normal or low aldosterone levels, the aldosterone levels and AHI were generally unrelated, indicating that the aldosterone-induced exacerbation of OSA severity is limited to patients with demonstrable aldosterone excess.
Aldosterone antagonism improves severity of OSA. A positive correlation between OSA severity and aldosterone levels suggests 2 opposite possibilities: either untreated OSA is stimulating aldosterone release or aldosterone excess is worsening OSA. The former possibility is supported by experimental data suggesting that intermittent hypoxaemia promotes a generalized stimulation of the renin-angiotensinaldosterone system. 48 Human studies, however, have generally not shown treatment of OSA with CPAP to have a substantive effect on aldosterone levels.
For example, in a recent clinical study, the first night of CPAP did not lower either plasma renin activity or plasma aldosterone levels in normotensive subjects undergoing CPAP titration. 49 The lack of a consistent effect of CPAP on aldosterone levels in several studies seems to argue against the belief that OSA causes excess aldosterone release; however, definitive evidence is still needed.
Clinical data, however, do support the opposite effect, that is, aldosterone excess worsens OSA severity by showing that aldosterone blockade with spironolactone decreases the severity of OSA in patients with RHTN. In this study, 12 patients with RHTN and moderate-severe OSA (AHI 415 events h À1 ) were treated with spironolactone 50 mg daily, in addition to their normal antihypertensive regimen, which included a thiazide diuretic. 50 A full-night polysomnogram was done at baseline and then repeated 8 weeks after beginning treatment with spironolactone. Spironolactone use was associated with an almost 50% reduction in severity of OSA, based on an improvement in the total AHI, as well as on significant reductions in AHI during supine sleeping and during rapid-eyemovement sleep, when OSA tends to be most severe (Figure 3) . These results are important in providing confirmatory support of the hypothesized role of aldosterone excess in worsening OSA.
The mechanism by which aldosterone promotes worsening of OSA has not been fully elucidated, but we hypothesize that it is related to aldosteroneinduced fluid retention, some of which is localized to the neck, leading to parapharyngeal oedema and associated increases in upper airway resistance (Figure 4 ). Such an effect is supported by studies of normotensive volunteers demonstrating increases in neck circumference and upper airway resistance after acute increases in central venous return during lower-body positive pressure. 51 Greater increases in neck circumference during overnight recumbency have also been observed in patients with RHTN compared with patients with controlled hyperten- Hypertension, obstructive sleep apnoea, aldosterone T Dudenbostel and DA Calhoun sion. 52 Such an effect of fluid retention contributing to worsening OSA is also suggested by studies of patients with acute heart failure, in whom diuresis improves the severity of their sleep apnoea. 53 CPAP and RHTN. A small number of uncontrolled studies have reported a significant but varying effect of CPAP on BP in patients with RHTN. In 11 patients with RHTN, Logan et al. 54 reported that 2 months of CPAP use reduced 24-h systolic BP by 11.0 mm Hg, with the largest benefit being caused overnight (À14.4 mm Hg). CPAP also significantly reduced 24-h diastolic BP (À7.8 mm Hg), again with the largest benefit being caused overnight (À7.9 mm Hg). In a separate study of 33 patients with RHTN, 3 months of CPAP treatment had a considerably smaller effect, reducing 24-h systolic BP by 5.2 mm Hg and having no significant effect on ambulatory diastolic BP. 55 In a comparison between patients with RHTN (n ¼ 42) and patients with controlled hypertension (n ¼ 56), 1 year of CPAP treatment reduced mean clinical arterial BP by 5.6 mm Hg in the former group, while having no significant effect in the latter group. 26 CPAP use did allow for a reduction in antihypertensive therapy in 71% of the patients with RHTN. Overall, these studies suggest that CPAP therapy does provide antihypertensive benefit to patients with RHTN, but, similar to patients with generalized hypertension, the treatment effect is variable, with some patients manifesting a large benefit and many having little or no benefit. More definitive assessment of benefit would be provided by randomized studies of CPAP use, which, to this point, are lacking in patients with RHTN.
Clinical implications
Ambulatory BP monitoring is a useful diagnostic tool to diagnose truly resistant hypertensive patients and a valid, non-invasive method to describe circadian BP variation.
Non-dipping BP status is particularly common in OSA and often coexists in patients with RHTN. Patients with suspected OSA should undergo a polysomnography, the 'gold standard' to diagnose OSA, and if confirmed should be treated with CPAP.
Primary aldosteronism in patients with RHTN needs to be evaluated and, if biochemically confirmed, a workup to rule out a unilateral aldosterone-producing adrenal adenoma needs to be further considered, compared with simply treating them medically. Patients having aldosterone excess without adenoma should be treated with an aldosterone antagonist. We have demonstrated that aldosterone blockade improves severity of OSA in patients with RHTN. Until confirmed by randomized studies, it is premature to specifically recommend such agents for this purpose, but as aldosterone antagonists are routinely used for their antihypertensive benefit in patients with RHTN, the added benefit of reducing the severity of a patient's OSA might be accomplished when targeting his or her hypertension. To what extent aldosterone antagonists might reduce the severity of OSA in patients with primary aldosteronism or even less severe cases of hypertension awaits separate evaluation.
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